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・AhR: Aryl hydrocarbon receptor 
・AhRR: Aryl hydrocarbon receptor repressor 
・ARNT: Aryl hydrocarbon receptor nuclear translocator 
・bHLH: Basic helix-loop-helix 
・BMAL1: Brain and muscle ARNT-like protein 1 
・CDK1: Cyclin-dependent kinase 1 
・CK1: Casein kinase 1 
・CLOCK: Circadian locomotor output cycles kaput 
・CRY: Cryptochrome 
・DBD: DNA binding domain 
・GSK3β: Glycogen synthase kinase 3 beta 
・LBD: Ligand binding domain 
・PAS: Per-Arnt-Sim 
・PER: Period 
・ROR: RAR-related orphan receptor 
・RORE: ROR responsible element 
・SCN: Suprachiasmatic nucleus 
・TR: Transcriptional repression 





Circadian rhythms in mammals are generated by the cyclic expression of several clock genes 
in the central pacemaker of the brain, the suprachiasmatic nucleus (SCN). The rhythmic 
expression of the genes is maintained by multiple transcriptional-translational feedback loops 
(TTFL) in addition to the posttranslational regulation. In the SCN, nocturnal transcription of 
one of the key clock genes, Bmal1, is induced and repressed by RORs and REV-ERBs, 
respectively. The expressions of RORs and REV-ERBs are known to be simultaneously 
induced by CLOCK-BMAL1 and repressed by PERs-CRYs. Assuming the synchronous 
transcriptional oscillation of Rors and Rev-erbs, the posttranscriptional regulation of each gene 
is inevitably essential to amplify the Bmal1 transcriptional cycling.  
In the doctoral thesis, to elucidate the posttranslational regulation of Rev-erbs, I identified two 
novel mechanisms leading to the inhibition of the function of REV-ERBs, thereby activate 
Bmal1 transcription. First, I found that the highly homologous N-terminal regions of REV-
ERBα and REV-ERBβ determined both their own hyper-phosphorylation catalyzed by CK1ε 
and the cytoplasmic accumulation of each hyper-phosphorylated form. Of the homologous N-
terminal regions, three serine rich clusters in REV-ERBβ are required for the phosphorylation 
and cytoplasmic localization. Second, AhRR-ANRT2, the well-known repressor heterodimer 
of xenobiotic responsible element (XRE), induced Bmal1 transcription thorough potentiating 
the specific degradation of REV-ERBs. Indeed, both a cell and a mouse line deficient in Ahrr 
exhibited a shorter period in Bmal1::luc transcription and locomotor activities than those of 
wild type, respectively. As both mechanisms should activate Bmal1 transcription, the 
significance of the mechanisms for the robust Bmal1 transcriptional cycling was also confirmed 
by the mathematical modeling method. Creating the phase difference between the function of 














1. Phosphorylation of N-terminal regions of REV-ERBs 





Circadian rhythms with a period of approximately 24 hr are observed in the biological activities 
of many organisms from bacteria to vertebrates. In mammals, sleep/wake cycles, body 
temperature and hormonal secretions are under the control of the circadian rhythms. These 
rhythms are driven by an intrinsic central clock, the suprachiasmatic nuclei (SCN) of the 
hypothalamus in the brain (Moore & Eichler, 1972; Stephan & Zucker, 1972). The SCN can 
also synchronize the circadian rhythms with external light/dark cycles. In addition, the 
electrophysiological oscillation of the SCN is generated by the function of several clock genes 
such as Clock, Bmal1, Pers (Per1, Per2, and Per3), Crys (Cry1 and Cry2), Rors, (Rora, Rorb, 
and Rorg) and Rev-erbs (Rev-erba and Rev-erbb). Circadian expression of these clock genes, 
except for Clock, has been observed in the SCN and peripheral tissues, and the oscillation is 
regulated by interlocked multiple transcriptional-translational feedback loops (Zhang & Kay, 
2010). Of these clock genes, both of the Pers and Crys genes are induced by the binding of 
CLOCK-BMAL1 complex with E-boxes in their promoters. Subsequently, PER-CRY complex 
associates with CLOCK-BMAL1, represses their transcription and eventually closes a negative 
feedback loop. In contrast, Bmal1 is induced or repressed by the competitive binding of RORs 
or REV-ERBs with ROREs in the promoter, respectively. Since Rors and Rev-erbs 
transcriptions are also regulated by the CLOCK-BMAL1 and PER-CRY complexes, the 
expression of Bmal1 is simultaneously regulated by a positive and a negative feedback loops 
involving Rors and Rev-erbs, respectively. Although Bmal1 transcription also oscillates 
robustly, a mathematical analysis has revealed that the simultaneous expression of a 
competitive transcriptional activator and repressor could attenuate the amplitude of Bmal1 
cycling without a phase difference between the function of RORs and REV-ERBs (Uriu & Tei, 
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2017). Therefore, posttranscriptional regulation of Rors and Rev-erbs is expected to be 
essential to amplify Bmal1 transcriptional oscillation. 
In fact, various protein kinases have been reported to phosphorylate REV-ERBs. For example, 
phosphorylation of REV-ERBa by CDK1 leads to proteasome-dependent degradation, which 
culminates in amplifying the circadian clock (Zhao et al., 2016). On the contrary, GSK-3b 
phosphorylates and stabilizes REV-ERBa (Yin, Wang, Klein, & Lazar, 2006). Furthermore, 
canonical nuclear receptors, such as RORs and REV-ERBs, associate with cytoplasmic ligands 
before migrating into the nucleus and controlling the target genes (Mangelsdorf et al., 1995). 
Although the natural ligands of RORs and REV-ERBs are proved to be cholesterol and heme, 
respectively, little is known about the regulation of their nuclear entry (Kallen et al., 2002; 
Raghuram et al., 2007; Yin et al., 2007).  
To further clarify the posttranscriptional regulation of the Rors and Rev-erbs genes, we 
analyzed the modifications and subcellular localizations of RORs and REV-ERBs. We found 
that REV-ERBa and REV-ERBb were phosphorylated by CK1e and that this phosphorylation 
determined their subcellular localization. Most of hyperphosphorylated REV-ERBs 
accumulated in the cytoplasm, whereas hypophosphorylated and unphosphorylated REV-
ERBs localized in both the cytoplasm and nucleus. Deletion of the highly homologous N-
terminal regions from both REV-ERBs deprived of both the phosphorylation and cytoplasmic 
accumulation. In addition, the cytoplasmic accumulation of REV-ERBb was observed when 




1.2 Materials and Methods 
 
Plasmids 
The mRora, mRev-erba, mRev-erbb, and mCK1e ORFs were amplified from a mouse cDNA 
library by PCR. These sequences are identical to those of GenBank accession numbers 
NM_001289916.1, NM_145434.4, NM_011584.4 and NM_013767.6, respectively. All ORFs, 
except mCK1e were FLAG (DYKDDDDK)-tagged at their C-termini, cloned into pGL4.10 
(Promega, Fitchburg, WI, USA), and expressed under the control of a CMV promoter. All 
mutants used in this study were produced using a site-directed mutagenesis PCR method. 
 
Cell culture and transfection 
HEK293T and NIH3T3 cells were grown in Doulbecco’s Modified Eagle’s Medium (Nissui 
Pharmaceutical Co., Ltd, Tokyo, Japan) with 10 % fetal bovine serum (Biowest, Nuaillé, 
France) and penicillin-streptomycin-amphotericin B suspension (Wako Pure Chemical 
Industries, Ltd., Osaka, Japan) at 37 ℃ in 5 % CO2. Cells were seeded in a 35-mm dish (Nunc, 
Roskilde, Denmark) 1 day before transfection. Polyethylenimine (PEI) was used for 
transfection, and plasmid-PEI complexes were incubated for 15 min at room temperature and 
delivered into the cells. Proteasomal degradation was inhibited by adding of 2 µl of 10 mM 
MG132 (Wako Pure Chemical Industries, Ltd., Osaka, Japan) 24 hr after transfection and 
incubating for 6 hr. These cells were then lysed for nuclear and cytoplasmic fractionation, as 
described below.  
 
Preparation of total cell lysate, and nuclear and cytoplasmic fractions 
Cells were washed twice with phosphate-buffered saline (PBS) and harvested in 50 µl of lysis 
buffer (50 mM Tris-HCl [pH = 7.4], 250 mM NaCl, 5 mM EDTA, 1 % Triton X-100, 0.5 % 
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Tween 20, 0.1 % NP40) after 15-min incubation at 4 ℃. The lysates were centrifuged for 5 min 
at 20,000 g, and the supernatants were collected as total cell lysates. Cells were washed with 
PBS and harvested in 225 µl of buffer A (10 mM HEPES-NaOH [pH = 7.9], 10 mM KCl, 1 
mM EDTA, 1 mM EGTA, 0.6 % NP40) after 5-min incubation at 4 ℃. The lysates were 
centrifuged for 5 min at 20,000 g, and the supernatants were collected as cytoplasmic fractions. 
Next, the precipitates were washed once with 200 µl of buffer A, resuspended in 225 µl of the 
lysis buffer, and incubated for 30 min at 4 ℃. The suspensions were centrifuged for 5 min at 
20,000 g, and the final supernatants were used as nuclear extracts. Lamin A and b-tubulin were 
used as nuclear and cytosolic markers, respectively. 
 
Immunoprecipitation and lambda phosphatase treatment 
Cells were washed twice with PBS and harvested in 400 µl of RIPA buffer (50 mM Tris-HCl 
[pH = 7.4], 150 mM NaCl, 1 mM EDTA, 10 % NP40, 2.5 % sodium deoxycholate) after 15-
min incubation at 4 ℃. The lysates were centrifuged for 5 min at 20,000 g and used for REV-
ERBs immunoprecipitation. Then, 100 µl of the supernatants were mixed with 2 µl of anti-
FLAG (DYKDDDDK) antibody beads (Wako Pure Chemical Industries, Ltd., Osaka, Japan) 
and rotated for 4 hr at 4 ℃. The beads were washed five times with 200 µl of RIPA buffer and 
treated with 400 U lambda phosphatase (New England Biolabs, Ipswich, MA, USA) in 50 µl 
of PMP buffer (New England Biolabs, Ipswich, MA, USA) containing 1mM MnCl2 for 30 min 
at 30 ℃. The beads were washed once with 200 µl of RIPA buffer, and the phosphatase-treated 
proteins were recovered in 66 µl of RIPA buffer and 33 µl of SDS buffer (197.5 mM Tris-HCl 





Protein samples were separated on an SDS-polyacrylamide gel in Tris-glycine buffer and 
transferred onto Immobilon-P Membrane (Merck Millipore, Billerica, MA, USA). After 
blocking with 5 % skim milk (Wako Pure Chemical Industries, Ltd., Osaka, Japan), the 
membranes were incubated overnight at 4 ℃ with primary antibodies against FLAG 
(DYKDDDDK) (1:10,000; Wako Pure Chemical Industries, Ltd.), b-tubulin (1:1,000; Cell 
Signaling Technology, Danvers, MA, USA), or lamin A/C (1: 4,000; Cell Signaling 
Technology, Danvers, MA, USA). After incubation with secondary horseradish-peroxidase 
(HRP) conjugated antibodies against mouse IgG (1:10,000; GE Healthcare, UK Ltd, 
Buckinghamshire, UK) or rabbit IgG (1:10,000; GE Healthcare, UK Ltd, Buckinghamshire, 
UK), the signals were detected using Immobilon Western Chemiluminescent HRP Substrate 
(Merck Millipore, Billerica, MA, USA) and images were acquired using the LAS-3000 system 
(Fujifilm, Tokyo, Japan). 
 
Data analysis 
Densities of the signals detected through Western blotting were quantitated with Image J 
software (National Institutes of Health, Bethesda, MD, USA). Statistical analyses were 





REV-ERBa and REV-REBb undertake multiple phosphorylations. 
The posttranslational modifications of RORa, REV-ERBa, and REV-ERBb were visualized 
by their mobility shifts on SDS-polyacrylamide gel electrophoresis. The FLAG-tagged RORa, 
REV-ERBa and REV-ERBb were expressed in HEK293T cells and detected through Western 
blot using an anti-FLAG antibody. Transfection of Flag-Rora produced a single band with a 
molecular weight of approximately 60 kDa (Figure 1A), indicating no detectable mobility 
difference in RORa. In contrast, Flag-Rev-erba expressed multiple proteins of varying 
molecular weights (72-85 kDa), and Flag-Rev-erbb produced only two discrete bands (65 and 
69 kDa) (Figure 1A). Lambda phosphatase treatment showed that each of the multiple REV-
ERBa and REV-ERBb bands converged onto the single bands of 72 kDa and 65 kDa, 
respectively (Figure 1B). As molecular weights estimated from the amino acid sequences of 
REV-ERBa and REV-ERBb were 67,797 Da, and 65,296 Da, respectively, most of the 
detectable increases in these proteins could be explained by the multiple phosphorylation of 
each protein. 
  
Hyperphosphorylation of REV-ERBa and REV-ERBb enhances their cytoplasmic 
localization. 
Generally, protein phosphorylation alters the stability, intracellular localization and/or function 
of modified proteins; therefore, the subcellular localization of REV-ERBs was investigated 
using a cell fractionation method. Substantially, the same phosphorylation levels of the FLAG-
tagged REV-ERBα or REV-ERBβ were obtained both in a human (HEK293T) cell line and a 
mouse (NIH3T3) cell line, except a slight difference in distribution between the 
hyperphosphorylated and hypophosphorylated forms of REV-ERBα (Figures 1A and 2A). 
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Remarkably, most of the hyperphosphorylated forms of REV-ERBa localized in the cytoplasm 
with a cytosolic marker, b-tubulin, whereas hypophosphorylated and unphosphorylated REV-
ERBa localized in both the cytoplasm and nucleus (Figure 2A, left). Similar results were 
obtained with REV-ERBb. More than 90 % of hyperphosphorylated (69 kDa) REV-ERBb 
accumulated in the cytoplasm, and unphosphorylated (65 kDa) REV-ERBb was distributed 
almost equally in both the cytoplasm and nucleus (Figure 2A, right; Figure 3B). To avoid 
complications from multiple phosphorylated forms of REV-ERBa, we used the two simple 
hyperphosphorylated (69 kDa) and un-phosphorylated (65 kDa) REV-ERBb to determine the 
correlation between phosphorylation and subcellular localization of REV-ERBs.  
As the unphosphorylated and hypophosphorylated REV-ERBs were localized in both the 
nucleus and cytoplasm, predictions from the observations described above include the 
following: (i) destabilization of hyperphosphorylated REV-ERBs in the nucleus and (ii) 
inhibition of the nuclear import or facilitation of the nuclear export of hyperphosphorylated 
REV-ERBs. Several experiments indicated that REV-ERBs were degraded through ubiquitin-
proteasome-dependent pathways (DeBruyne, Baggs, Sato, & Hogenesch, 2015; Yin, Joshi, Wu, 
Tong, & Lazar, 2010). Although the 65 kDa REV-ERBb was stabilized both in the nucleus and 
cytosol after the treatment with a proteasome inhibitor, MG132, no accumulation of the 69 kDa 
REV-ERBb was detected in the nucleus after the treatment (Figure 2B), thereby contradicting 
the first prediction. Hence, our results support the latter prediction that the restricted nuclear 
transport of hyperphosphorylated REV-ERBb determines its cytoplasmic accumulation, 
although the precise mechanism was unclear.  
Phosphorylation of REV-ERBs by CDK1 or GSK-3b was reported to determine their stabilities 
without mentioning about subcellular localization (Yin et al. 2006; Zhao et al. 2016). In 
addition to CDK1 or GSK-3b, casein kinase 1 delta or epsilon (CK1 d or e) is known to 
 13 
phosphorylate several circadian clock proteins such as PERs, CRYs, CLOCK, and BMAL1 
(Akashi, Tsuchiya, Yoshino, & Nishida, 2002; Aryal et al., 2017; Eide, Vielhaber, Hinz, & 
Virshup, 2002). Indeed, the co-expression of REV-ERBβ accumulated approximately 2.8-folds 
of hyperphosphorylated REV-ERBβ with the significant decrease in its unphosphorylated form 
(Figures 3A). Of note, the phosphorylation by CK1e yielded only a product of approximately 
69 kDa, and this product also exclusively localized in the cytoplasm (Figures 3A and 3B), 
suggesting that CK1e is one of the endogenous protein kinases that functions in REV-ERBb’s 
cytoplasmic localization.  
 
Phosphorylation of N-terminal region of REV-ERBb regulates its intracellular 
localization. 
Phosphorylation of REV-ERBβ required for the cytoplasmic accumulation was investigated by 
introducing of amino acid mutations into the protein. Because CK1ε transferred dozens of 
phosphate groups into REV-ERBβ (Figure 3A), the N-terminal region (amino acid residues 
13–47) containing the stretches of both serine residue and CK1ε recognition site, S/T-X-X-S/T, 
drew our attention (Figure 4A). Furthermore, amino acid sequences highly homologous to this 
region were also detected in the N-terminus of REV-ERBα (70.2% homology; Figure 6A). 
Therefore, we first constructed a mutant protein with a deletion of residues 13–47 in REV-
ERBβ (mutant #1; Figure 4A) and the phosphorylation and cytoplasmic distribution 
(cytoplasmic protein/total protein) were compared with those of the unphosphorylated and 
hyperphosphorylated wild-type REV-ERBβ. Approximately 90% of the hyperphosphorylated 
and 40% of the unphosphorylated REV-ERBβ were present in the cytoplasm (Figure 4B). As 
expected, only 18% of a single unphosphorylated mutant protein were detected in the 
cytoplasm, indicating that the deletion deprived both hyperphosphorylation and cytoplasmic 
accumulation (Figure 4B). Subsequently, each of the three serine-rich clusters (residues 13–20, 
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23–32 and 34–47) involved in the N-terminal region of REV-ERBβ was analyzed further by 
constructing respective deletion mutants (mutants #2-4; Figure 4A). The necessity of the first 
serine stretch (residues 13–20) for hyperphosphorylation was shown when deletion mutant #2 
failed to be phosphorylated (Figure 4B). The deleted protein distributed nearly equally in the 
nucleus and cytoplasm as the unphosphorylated wild-type protein. We observed a severe 
impairment in hyperphosphorylation using a mutant with the second serine stretch deletion 
(residues 23–32), and the residual hyperphosphorylated protein was localized in both the 
nucleus and the cytoplasm (mutant #3; Figure 4B). Similarly, deletion of the third serine stretch 
(residues 34‒47) also resulted in both nuclear and cytoplasmic localization but had little effect 
on its hyperphosphorylation (mutant #4; Figure 4B). Taken together, these results indicated 
that the first serine stretch was necessary for REV-ERBβ hyperphosphorylation, and the second 
and third stretches played distinct roles in its cytoplasmic accumulation. 
As the experiments described strongly pointed out that there is a tight linkage between the 
hyperphosphorylation and the cytoplasmic accumulation of REV-ERBβ, all serine residues in 
the N-terminus were substituted for aspartic acid residues (mutant #5; Figure 5A). The mutant 
protein never accepted hyperphosphorylation, nonetheless, above 70% of the mutant protein 
accumulated in the cytoplasm, which closely resembled the cytoplasmic distribution (91%) of 
the hyperphosphorylated form of wild-type REV-ERBβ (mutant #5; Figure 5B). The results 
corresponded with the hypothesis that serial acidic amino acids, such as sequential 
phosphoserines, in the N-terminus of REV-ERBβ facilitated its cytoplasmic localization. Again, 
the deletions of residues 13–17 and 35‒47, and a serine to alanine substitution in residues 23–
32 within mutant #5 reduced the cytoplasmic accumulation to the levels of the 
unphosphorylated wild-type REV-ERBβ (mutants #6, #7 or #8; Figure 5B). No 
hyperphosphorylation was detected in these three mutant proteins. In contrast, almost no 
difference in both hyperphosphorylation and cellular localization was observed between a S23-
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32D mutant and wild-type REV-ERBβ (mutant #9; Figure 5B). In conclusion, these results 
clearly indicated that all the three serine stretches in the REV- ERBβ N-terminal were necessary 
and sufficient for the induction of both hyperphosphorylation and cytosolic localization. 
 
Phosphorylation of N-terminal region of REV-ERBa also regulates its intracellular 
localization. 
The hyperphosphorylated REV-ERBα also located in the cytoplasm (Figure 2A). A high 
homology in addition to obvious multiple CK1ε recognition sites in the N-terminal regions of 
REV-ERBα and REV-ERBβ (Figure 6A) led us to explore the necessity of this region for the 
hyperphosphorylation and determination of the cytosolic localization of REV-ERBα. 
Compared with multiple phosphorylated products from the wild type, surprisingly, much fewer 
phosphorylated REV-ERBα were obtained from a mutant whose homologous N-terminal 
region was deleted (deletion of residues 2–69) (Figure 6B). Although residual 
hyperphosphorylation was not dependent on the N-terminal homologous region, the 
hyperphosphorylated mutant protein lost the activity required for cytoplasmic accumulation 
(Figure 6B). These data, in conjunction with those obtained from REV-ERBβ, strongly 
indicated that hyperphosphorylation of the N-terminal homologous region of REV-ERBs could 






Regulation of Bmal1 expression is critical for the mammalian circadian rhythms, as no obvious 
behavioral rhythms were detected in Bmal1 knockout mice (Bunger et al., 2000). A nocturnal 
transcriptional rhythm of Bmal1 in the SCN of the mouse brain is regulated by RORs and REV-
ERBs, and all factors influencing the dynamics of RORs and REV-ERBs must be important 
for the functions of circadian rhythms. Although no evidence was found in RORs modification, 
we demonstrated in the present study that the multiple phosphorylation of the REV-ERBs N-
terminals determined their cytoplasmic accumulation. In addition, this phosphorylation can be 
catalyzed by CK1δ/ε in vivo. 
As shown in Figure 1, almost all REV-ERBs modifications that could be detected by mobility 
shifts on SDS–polyacrylamide gel electrophoresis were by phosphorylation. Similarly, the 
mobility shifts of REV-ERBα were also found in the mouse liver and brown adipose tissue. 
The studies implied at least REV-ERBα undertook multiple modification in vivo, although the 
authors did not pay attention to phosphorylation (Feng et al., 2011; Nam et al., 2015). In 
particular, REV-ERBβ hyperphosphorylation can be explained by the function of CK1 (Figure 
3A). CK1δ/ε are special protein kinases in the mammalian circadian clock system with well-
known substrates of PERs, CRYs, CLOCK and BMAL1 (Akashi et al., 2002; Aryal et al., 
2017; Eide et al., 2002). Previous studies have indicated that the phosphorylation of PERs 
determined their subcellular localization and stabilities (Akashi et al., 2002), and a mis-sense 
mutation in the hamster gene caused a shorter free-running period than that in the wild type 
(Lowrey et al., 2000; Ralph & Menaker, 1988). Here, we report for the first time about the 
involvement of CK1 in regulating the subcellular localization of REV-ERBs. In addition, the 
cytoplasmic accumulation of hyperphosphorylated REV-ERBs possibly functions in creating 
a phase difference between the competitive transcriptional activators (RORs) and repressors 
(REV-ERBs) that was required for the robust transcriptional oscillation of Bmal1 (Uriu & Tei, 
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2017). Future experiments that clarify a kinetic relationship between the subcellular 
localizations and N-terminal phosphorylation of REV-ERBs are essential to determine their 
functions in regulating Bmal1 transcription. 
Previous studies also showed that the REV-ERBs phosphorylation by different protein kinases 
altered their stabilities. For example, the CDK1 induced proteasome-dependent degradation of 
REV-ERBα culminated in the increase in circadian clock amplitude (Zhao et al., 2016). In 
contrast, GSK-3β phosphorylation stabilized REV-ERBα (Yin et al., 2006). However, little 
stabilization effect of MG132 on the hyperphosphorylated REV-ERBβ as observed in our study 
suggested that REV-ERBβ hyperphosphorylation was independent of degradation (Figure 2B). 
Instead, our experiments strongly indicated a linkage between the hyperphosphorylation of the 
homologous REV-ERBs N-terminals and their cytoplasmic accumulation. Indeed, two mutants 
deleted in the homologous REV-ERBα and REV-ERBβ N-terminals showed defects in both 
the hyperphosphorylation and cytoplasmic accumulation (Figures 3B and 6B). In contrast, 
substitution of 20 serine residues for aspartate residues in the REV-ERBβ N-terminal (mutant 
#5) resulted in the cytoplasmic accumulation without the hyperphosphorylation of the mutant 
protein (Figure 5B). These results were interpreted as a long and successive negative charge 
located at the REV-ERBβ N-terminal facilitated its cytoplasmic accumulation. The conclusion 
was also confirmed after the respective deletions of three serine clusters (residues 13–17, 23–
32 or 35–47) in the N-terminal of REV-ERBβ lost either the hyperphosphorylation or 
cytoplasmic accumulation of the hyperphosphorylated proteins (Figure 3B). As well, an 
impaired cytoplasmic accumulation was obtained with deletions or substitutions introduced 
into the respective three aspartate clusters of the hyperacidic mutant (mutant #5; Figure 5B). 
A serial phosphorylation in the REV-ERBβ N-terminal probably reflects the characteristics of 
CK1 in which the prephosphorylation of the first serine in the target sequence S/T- X-X-S/T is 
followed by the second serine phosphorylation by CK1 (Flotow et al., 1990). Accordingly, 
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deletion of the first and second serine clusters (residues 13–17, 23–32) intensely eliminated 
hyperphosphorylation from REV-ERBβ (Figure 4). Detailed analyses with mass spectrometry 
could determine the phosphorylated serine residues in the REV-ERBs N-terminals required for 
their cytoplasmic accumulation. 
The cytoplasmic accumulation of hyperphosphorylated REV-ERBs could be achieved by 
inhibiting nuclear import or activating nuclear export. For instance, the phosphorylation within 
the vicinity of the nuclear localization signal (NLS) in nuclear factor of activated T cells 
(NFAT) inhibits its nuclear transport and, vice versa; calcineurin-mediated dephosphorylation 
reactivates NLS (Minami, 2014). In contrast, the nuclear export signal (NES) in myocardin-
related transcription factor A (MRTF-A) is potentiated by the phosphorylation of a serine 
residue preceding NES (Panayiotou et al., 2016). Our present study could not discriminate 
between the two possibilities; however, NLS of REV-ERBs was reported to be located in the 
DNA binding domain downstream of the N-terminal region (Chopin-Delannoy et al., 2003). It 
should be noted that the region corresponding to the hyperphosphorylation and cytoplasmic 
retention of REV-ERBβ is also highly conserved in the N-terminals of vertebrate REV-ERBs 
(Figures 7A and 7B). These highly homologous domains should share common functions 
during evolution. Whether the phosphorylation in the N-terminal regions of REV-ERBs could 












Figure 1. Posttranslational modifications of RORa, REV-ERBa and REV-ERBb. 
(A) FLAG-RORa, FLAG-REV-REBa or FLAG-REV-ERBb expressed in HEK293T were subjected 
for Western blotting. (B) FLAG-REV-ERBa and FLAG-REV-ERBb were purified by anti-FLAG 
antibody beads, treated with or without lambda phosphatase, and investigated by Western blotting. 


















Figure 2. Hyperphosphorylation of REV-ERBa and REV-ERBb induce their cytoplasmic 
accumulation. 
(A) FLAG-REV-ERBa and FLAG-REV-ERBb were transiently expressed in NIH3T3 and the 
cytoplasmic and nuclear proteins were prepared and analyzed as described in Materials and Methods A 
cytoplasmic and a nuclear marker were b-tubulin and lamin A. Total, cytoplasmic and nuclear fractions 
were indicated by Total, Cyto. and Nuc., respectively. (B) NIH3T3 cells transiently expressing FLAG-
REV-ERBb were treated with 10 µM MG132 for 6 hr before nuclear and cytoplasmic extractions. (C) 






























Figure 3. CK1e hyperphosphorylates REV-ERBb and enhances its cytoplasmic 
localization  
(A) FLAG-REV-ERBb expressed with or without CK1e in NIH3T3 cells was subjected to Western 
blotting. The ratio of phosphorylated to unphosphorylated REV-ERBb was estimated using the 
densities of each band. Phospho. and Unphospho. indicate phosphorylated and unphosphorylated 
REV-ERBb, respectively. Gel image represent one representative experiment performed in 
quadruplicate. Data represent the mean (± standard error, SE) of four independent experiments, and 
error bars indicate SEs. ‘*’indicates the significant difference (p<0.005). (B) FLAG-REV-ERBb 













































Figure 4. Phosphorylation of N-terminal region of REV-ERBb regulates its intracellular 
localization. 
(A) The amino acid sequences corresponding to N-terminal region (N-term), DNA binding domain 
(DBD), hinge (Hinge), and ligand binding domain (LBD) are boxed at the top. The amino acid 
sequences of the N-terminals of wild type REV-ERBb and the deletion derivatives are aligned. Dashed 
lines indicate deleted amino acids. (B) Wild type and deleted REV-ERBb were analyzed as in Figure 
2A. The cytoplasmic distribution of the wild type REV-ERBb and mutant #1 was quantitated with the 
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Figure 5. Hyperacidic N-terminal region of REV-ERBb facilitates its cytoplasmic 
localization. 
(A) The amino acid sequences of the N-terminals of wild type REV-ERBb and the substitution mutants 
are aligned, and substituted amino acids are shadowed. (B) Wild type and substituted REV-ERBb were 
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Figure 6. The N-terminal homologous region of REV-ERBa is also phosphorylated and 
regulates its intracellular localization. 
(A) Amino acid identity and similarity between the N-terminals of REV-ERBa and REV-ERBb are 
indicated by vertical bars and colons, respectively. The N-terminal region corresponding to 3 serine 
clusters in REV-ERBb is shadowed. (B) The amino acid sequences of the N-terminals of wild type 
REV-ERBa and the deletion derivatives are aligned, and dashed lines indicate deleted amino acids. 


























Figure 7. N-terminal sequences required for REV-ERBb hyperphosphorylation and 
cytoplasmic localization are conserved among 5 vertebrate REV-ERBs. 
(A) A multiple alignment of the N-terminals of mouse, human, chicken, xenopus, and zebrafish REV-
ERBa. A bar above the mouse REV-ERBa indicates the region corresponding to that required for the 
hyperphosphorylation and cytoplasmic localization of mouse REV-ERBb. ‘*’ indicates fully conserved 
residue, ‘:’ indicates strong similarity, and ‘.‘ indicates week similarity. (B) A multiple alignment of the 
N-terminals of mouse, human, chicken, xenopus, and zebrafish REV-ERBb. A bar above the mouse 
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2. A transcriptional repressor complex AhRR-ANRT2 
induces transcription of Bmal1 through specific 















Both in the central pacemaker, SCN, and peripheral tissues, approximately 10% of genes 
located within mammalian genomes have transcriptional rhythms with a 24-hour period and 
various peaking phases (Panda et al., 2002). The circadian expression of these genes is 
produced by a series of transcriptional regulators which are encoded by clock genes such as 
Clock, Bmal1, Pers (Per1, Per2, and Per3), Crys (Cry1 and Cry2), Rors, (Rora, Rorb, and 
Rorg) and Rev-erbs (Rev-erba and Rev-erbb) (Zhang & Kay, 2010). Furthermore, interlocked 
multiple transcriptional-translational feedback loops (TTFL) consisted of these clock genes   
are known to regulate the circadian expression (Zhang & Kay, 2010). In fact, experimental and 
theoretical analyses have revealed that negative feedback regulation engaged with time delay 
between the functions of positive and negative regulators is necessary for the robust oscillation 
of gene expression (Sato et al., 2006; Novák & Tyson, 2008). Of these clock genes, both of the 
Pers and Crys genes are induced by the binding of CLOCK-BMAL1 with E-boxes (CACGTG) 
in their promoters. Subsequently, the PER-CRY complex associates with CLOCK-BMAL1 
and represses their own transcription, and eventually closes a negative feedback loop. On the 
other hand, Bmal1 is induced or repressed by the competitive binding of RORs or REV-ERBs 
with ROR responsible elements (ROREs) in the promoter, respectively. Since the transcription 
of Rors and Rev-erbs are also regulated by CLOCK-BMAL1 and PER-CRY, the expression of 
Bmal1 is simultaneously regulated by positive and negative feedback loops involving Rors and 
Rev-erbs, respectively. Whereas the transcription of Bmal1 also oscillates robustly, a 
mathematical analysis has revealed that the simultaneous expression of a competitive 
transcriptional activator and repressor could attenuate the amplitude of the Bmal1 cycling 
without a phase difference between the function of RORs and REV-ERBs (Uriu & Tei, 2017). 
Therefore, not only the transcriptional regulation, but also the posttranscriptional regulation of 
Rors and Rev-erbs must be essential to amplify the Bmal1 transcriptional oscillation. 
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Various modifications have been reported to regulate the RORs and REV-ERBs activities. For 
example, the transcriptional activity of RORα is up-regulated by PIASxalpha-, PIAS3- and 
PIASy-mediated SUMOylation (Hwang et al., 2009). By contrast, PKCs phosphorylate RORα 
and thereby inhibit its activity (Duplus et al., 2008). While the stability of REV-ERBα is 
modulated by protein kinases such as GSK-3β and CDK1(Yin et al., 2006; Zhao et al., 2016), 
REV-ERBs are ubiquitnated by ARF-BP1, PAM and SIAH2 and leaded to degradation by 
ubiquitin-proteasome dependent pathways (DeBruyne et al., 2015; Yin et al., 2010). Moreover, 
we found that intracellular localization of REV-ERBs were dictated by CK1 mediated 
phosphorylation, as described above (Ohba & Tei, 2018). Although these posttranscriptional 
regulations would modify both the activities and stabilities of RORs and REV-ERBs, their 
functions in the determination of the amplitude, phase and period of the Bmal1 transcriptional 
oscillation are still unclear.  
In order to investigate the regulatory mechanism of Bmal1 transcription further, we have 
performed the structural analysis of the Bmal1 promoter and revealed that two adjacent 
xenobiotic response elements (XRE) are embedded with three ROREs in the promoter 
(Kawaguchi, 2007). Obviously, XRE is contained in the promoter of so-called xenobiotic 
responsible genes, and the aryl hydrocarbon receptor (AhR)-aryl hydrocarbon receptor nuclear 
translocator (ARNT) complex or the aryl hydrocarbon receptor repressor (AhRR)-ARNT 
complex competitively interacts with XRE to induces or repress these genes, respectively. All 
of AhR, AhRR, and ARNT possess both the bHLH and PAS domains required for the 
heterodimer formation and interaction with DNA. Whereas ARNT and AhRR always localize 
in the nucleus, a ligand known as dioxin is necessary for the nuclear translocation of cytosolic 
AhR and building up the functional AhR-ARNT complex (Sogawa & Fujii-Kuriyama, 1997). 
The fact that AhR-ARNT induces Ahrr transcription through XRE in its promoter implies that 
the xenobiotic responsible genes are autonomously regulated by the Ahrr dependent negative 
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feedback repression (Mimura et al., 1999). At present, several studies have found that AhR is 
involved in the modulation of the mammalian circadian system (Jaeger & Tischkau, 2016). For 
example, AhR has been reported to regulate circadian clock thorough the direct binding with 
BMAL1 (Xu et al., 2010). However, the precise significance of these observations for the 
Bmal1 transcription or circadian rhythms is not well established.  
Here, I found that AhRR-ARNT2, known as the repressor of XRE, induced Bmal1 transcription. 
Curiously, the induction was dependent on ROREs, and independent of XREs in the Bmal1 
promoter. In fact, the induction was caused by that AhRR-ARNT2 facilitated the proteasome 
dependent degradation of REV-ERBs without influencing RORα stabilities. In other words, 
Bmal1 was induced by the activation of RORE through the specific degradation of REV-ERBs 
by AhRR-ARNT2. In consistent with these results, both an Ahrr deficient cell and mouse line 
gave shorter circadian periods to the Bmal1 transcriptional oscillation and locomotor activities 
than those of wild type, respectively. Furthermore, a mathematical analysis also implicated that 
Ahrr contributed to separate phases between the RORs’ and REV-ERBs’ rhythmicities, thereby 
amplifying both the BMAL1 and PER/CRY oscillation. Taken together, several lines of 
evidence described in this study demonstrate that Ahrr is a key regulator of mammalian 
circadian rhythms by the temporal determination of REV-ERBs’ stabilities. 
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2.2 Materials and Methods 
 
Plasmids 
The mAhr, mAhrr, mArnt2, mRorα, mRev-erbα and mRev-erbβ ORFs were PCR amplified 
from a mouse cDNA library. These sequences are identical with those in GenBank accession 
numbers, NM_013464.4, NM_009644.3, NM_007488.3, NM_001289916.1, NM_145434.4 
and NM_011584.4, respectively. All the ORFs were cloned into pGL4.10 (Promega, Fitchburg, 
WI, USA) and expressed under the control of a CMV promoter or into pCI-neo (Promega, 
Fitchburg, WI, USA). Flag (DYKDDDDK)-tagged or Myc (EQKLISEEDL)-tagged proteins 
were connected these tags at the C-termini. The bHLH domain was deleted to from AhRR by 
a site-directed mutagenesis PCR method. Bmal1::luc reporter gene was produced by insertion 
of the mBmal1 promoter sequence (from -782 to +177 residues) into the multi cloning site of 
pGL4.10 (Promega, Fitchburg, WI, USA). A deletion was introduced into the Bmal1 promoter 
region in the Bmal1::luc reporter to construct Bmal::luc ΔUp (containing -166 to +177 residues 
of the Bmal1 promoter). Both of the RORE was deleted from the Bmal1::luc reporter by a site-
directed mutagenesis PCR method (Bmal1::luc ΔRORE2,3). 
 
Cell culture and transfection 
NIH3T3, HEK293T, COS7 and PLAT-E cells were grown in Doulbecco’s modified Eagle’s 
Medium (Nissui Pharmaceutical Co., Ltd, Tokyo, Japan) with 10 % fetal bovine serum 
(Biowest, Nuaillé, France) and Penicillin-Streptomycin-Amphotericin B Suspension (Wako 
Pure Chemical Industries, Ltd., Osaka, Japan) at 37 ℃ in 5 % CO2. Cells were seeded in 60-
mm dish, 35-mm dish, or 24-well dish (Nunc, Roskilde, Denmark) 1 day prior to transfection. 
Polyethyleneimine (PEI) was used for transfection, and plasmid-PEI complexes were incubated 
for 15 min at room temperature and delivered into the cells. For the inhibition of degradation 
by proteasome, NIH3T3 cells cultured in 35-mm dish were treated with 2 µl of 10 mM MG132 
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(Wako Pure Chemical Industries, Ltd., Osaka, Japan) 24 hr after transfection and incubated 
further for 6 hr before harvest. Otherwise lysosomal degradation was inhibited by the addition 
of 2 µl of 50 mM E-64 (Wako Pure Chemical Industries, Ltd., Osaka, Japan) 24 hr after 
transfection and incubated for 6 hr. These cells were lysed for western blot analysis, as 
described below. For the measure of the protein stability, HEK293T cells cultured in 35-mm 
dish were treated with 2 µl of 0.5 M cycleheximide (Wako Pure Chemical Industries, Ltd., 
Osaka, Japan) 48 hr after transfection for inhibition of protein synthesis and lysed at each time 
point, as described below. 
 
Dual-luciferase reporter gene assay  
HEK293T cells were seeded 24 hr before transfection at 1.2×105 cells/well in 24-well plates. 
Two days after transfection, the cells were washed twice with PBS and harvested in 75 µl 
Passive Lysis Buffer (Promega, Fitchburg, WI, USA), and firefly and renilla luciferase 
activities were measured using Dual-luciferase Reporter Assay System (Promega, Fitchburg, 
WI, USA) and TriStar2 LB942 (BERTHOLD TECHNOLOGIES GmbH & Co., Wildbad, 
Germany) according to the manufacturer's instructions. 
 
Coimmunoprecipitation  
COS7 cells cultured in 60-mm dish were washed twice with phosphate-buffered saline (PBS) 
and harvested in 300 µl of RIPA buffer (50 mM Tris-HCl [pH = 7.4], 150 mM NaCl, 1 mM 
EDTA, 10 % NP40, 2.5 % sodium deoxycholate) after 15 min incubation at 4 ℃. The lysates 
were centrifuged for 5 min at 20,000 g and used for coimmunoprecipitation. 270 µl of the 
supernatants were mixed with 1 µl of anti-Flag (DYKDDDDK) antibody (Wako Pure Chemical 
Industries, Ltd., Osaka, Japan) and rotated for 2 hr at 4 ℃. 20 µl of protein-sepharose beads 
(GE Healthcare, UK Ltd, Buckinghamshire, UK) were added in the mixture, and rotate for 2 
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hr at 4 ℃. The beads were washed 5 times with 200 µl of RIPA buffer, and immunoprecipitated 
proteins were recovered in a total of 40 µl of solution mixing 27 µl of RIPA buffer and 13 µl 
of SDS buffer (197.5 mM Tris-HCl [pH = 6.8], 8.3 % glycerol, 9.6 % SDS, 0.04 % BPB, 6 % 
2-mercaptoethanol) at 98 ℃ for 5 min. 
 
Preparation of total cell lysate, nuclear and cytoplasmic fractions 
Cells were washed twice with PBS and harvested in 50 µl of lysis buffer (50 mM Tris-HCl [pH 
= 7.4], 250 mM NaCl, 5 mM EDTA, 1 % Triton X-100, 0.5 % Tween20, 0.1 % NP40) after 15 
min incubation at 4 ℃. The lysates were centrifuged for 5 min at 20,000 g, and the supernatants 
were collected as total cell lysates. To obtain cytoplasmic and nuclear fractions, cells were 
washed twice with PBS and lysed in 225 µl of buffer A (10 mM HEPES-NaOH [pH = 7.9], 10 
mM KCl, 1 mM EDTA, 1 mM EGTA, 0.6 % NP40) after 5 min incubation at 4 ℃. The lysates 
were centrifuged for 5 min at 20,000 g, and the supernatants were collected as cytoplasmic 
fractions. Then the precipitates were washed once with 200 µl of buffer A, and resuspended in 
225 µl of the lysis buffer and incubated at 4 ℃ for 30 min. The suspensions were centrifuged 
for 5 min at 20,000 g, and the final supernatants were used as nuclear extracts. 
 
Electrophoretic mobility shift assay (EMSA) 
Nuclear proteins were extracted form COS7 cells transfected with the vectors expressing Rorα, 
Rev-erbα, Ahrr or Arnt2, and cultured in a 60-mm dish as described above. An RORE 
containing oligonucleotide sequence (5’-ATTTAGGGAAGGCAGAAAGTAGGTCAGGGA-
CGGAGGTGCC-3’ ; RORE is underlined) was biotinylated using Biotin 3’ end DNA labeling 
kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). Each nuclear protein was incubated 
with the 3’ biotinylated oligonucleotide in 20 µl of 1 × binding buffer packed in LightShift 
Chemiluminecent EMSA kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) at room 
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temperature according to the manufacturer’s instruction. Samples were subjected to 5 % 
polyacrylamide gel electrophoresis in TBE buffer, transferred onto a Hybond-N+ membrane 
(GE Healthcare, UK Ltd, Buckinghamshire, UK), and crosslinked using FUNA-UV-LINKER 
(Funakoshi Co., Ltd., Tokyo, Japan). The signals obtained from protein-DNA complex were 
also detected with the LightShift Chemiluminecent EMSA kit (Thermo Fisher Scientific Inc., 
Waltham, MA, USA) according to the manufacturer’s instruction, and images were acquired 
using the LAS-3000 system (Fujifilm, Tokyo, Japan). 100-folds excess of unlabeled 
oligonucleotide competitor were used to confirm the specificities of the shifted bands.  
 
Quantitative PCR  
Total RNA was extracted from HEK293T cells cultured in 35-mm dishes using TRlzol LS 
Reagent (Thermo Fisher Scientific Inc., Waltham, MA, USA) and treated with RQ1 RNase-
Free DNase (Promega, Fitchburg, WI, USA) according to the manufacturer’s instruction. The 
RNA was reverse-transcribed using PrimeScriptTM II 1st strand cDNA synthesis kit 
(TAKARA BIO INC., Shiga, Japan), and resultant Rev-erbα and Rev-erbβ cDNAs were 
quantitated by PCR in SYBR Premix Ex Taq II (TAKARA BIO INC., Shiga, Japan) containing 
respective primers using 7900HT Fast Real Time PCR System (Thermo Fisher Scientific Inc., 
Waltham, MA, USA). The primers used for qPCR were: mRev-erbα (Forward; 5’-TACATTG-
GCTCTAGTGGCTCC-3’ Reverse; 5’-CAGTAGGTGATGGTGGGAAGTA-3’) and mRev-




Protein samples were separated on a polyacrylamide gel in Tris-glycine buffer and transferred 
onto a Immobilon-P membrane (Merck Millipore, Billerica, MA, USA). After blocking by 5 % 
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skim milk (Wako Pure Chemical Industries, Ltd., Osaka, Japan), membranes were incubated 
overnight at 4 ℃ with primary antibodies against the Flag (DYKDDDDK)-tag (1: 10,000; 
Wako Pure Chemical Industries, Ltd., Osaka, Japan) or Myc (EQKLISEEDL)-tag (1: 10,000; 
Wako Pure Chemical Industries, Ltd., Osaka, Japan). After incubation with secondary horse-
radish-peroxidase (HRP) conjugated antibodies against mouse IgG (1:10,000; GE Healthcare, 
UK Ltd, Buckinghamshire, UK), the signals were detected with the Immobilon western 
chemiluminescent HRP substrate (Merck Millipore, Billerica, MA, USA) and images were 
acquired using the LAS-3000 system (Fujifilm, Tokyo, Japan). 
 
Establishment of an Ahrr-/- mouse cell line with a CRISPR/Cas9 method  
Two gRNA sequences (5’-ACUGAGAACCUATAUGACUA-3’ and 5’-AGGUGAUACAA-
GUUAGACGU-3’) upstream and downstream of the 3rd exon of the mouse Ahrr gene were 
designed and corresponding DNA sequences were inserted into the pSUPERretro vector 
(Origoengine, Seattle, WA, USA). These two vectors and pMXs-Cas9 were respectively 
transfected into PLAT-E cells (Morita, Kojima, & Kitamura, 2000), and the 3 retroviruses were 
packaged in the cells and recovered by the filtration of these culture media with filter 
membranes (ф0.45 µm; Merck Millipore, Billerica, MA, USA) 2 days after transfection. Mouse 
NIH3T3 cells were simultaneously infected with these 3 retroviruses in the medium containing 
4 ng/ml hexadimethrine bromide. Two days after infection, dissociated cells after trypsin 
treatment were seeded at a cell density of 0.5 cells/well, and all colonies propagated from single 
cells were subsequently genotyped with PCR using a pair of primers upstream (5’-
CTTATAAGCACTTTCTGTCTAAGC-3’) and downstream (5’-TGGATCCAGGTAAGA-
CCC-3’) to the 3rd exon of Ahrr, and deletion of the exon was confirmed by sequencing of the 
PCR products.  
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Real-time monitoring of luciferase expression in cultured cells 
NIH3T3 cells were seeded 24 hr before transfection at 1×105 cells/dish in 35-mm dish and 
transfected with 300 ng of a Bmal1::luc reporter plasmid. Two days after transfection, the cells 
were incubated with 100 nM dexamethasone (Sigma-Aldrich Co. LLC, St. Louis, MO, USA) 
for 2 hr, and then the medium was replaced with culture medium containing 100 µM luciferin. 
Bioluminescence was continuously measured by photomultiplier tube detector assemblies 
(LM2420; HAMAMATSU PHOTINICS K. K., Shizuoka, Japan). The time series 
bioluminescent data of triplicate samples, which were measured from 0 to 5.6 days after the 
medium change, were first detrended by subtracting moving average over 24 hr, and then 
normalized by the second peak. The period of the Bmal1oscillation was measured by fitting an 




The densities of the signals detected by western blot analyses were quantitated with the Image 
J software (National Institutes of Health, Bethesda, MD, USA). Statistical analysis was 






AhRR-ARNT2 induces RORE dependent, but XRE independent Bmal1 transcription. 
As described above, Bmal1 is induced or repressed by the competitive binding of RORs or 
REV-ERBs with ROREs in the promoter, respectively. Since the transcriptional rhythms of 
Rors and Rev-erbs are regulated by CLOCK-BMAL1 and PER-CRY, they must cycle in the 
same phase. However, a mathematical analysis has revealed that the simultaneous expression 
of a competitive transcriptional activator and repressor could attenuate the amplitude of the 
Bmal1 cycling without a phase difference between the function of RORs and REV-ERBs (Uriu 
& Tei, 2017). The result indicates that the posttranscriptional regulation of Rors and Rev-erbs 
is expected to be critical to amplify the Bmal1 transcriptional oscillation. Simultaneously, a 
structural analysis of the Bmal1 promoter using the TRANSFAC program (geneXplain GmbH, 
Wolfenbüttel, Germany) revealed that two adjacent XRE were embedded with three ROREs in 
the promoter (Kawaguchi, 2007, Figure 8A).  
For further functional analysis of the Bmal1 promoter, I constructed a Bmal1::luc reporter gene, 
in which a 959 bp fragment covering three ROREs, two XREs, and the transcriptional initiation 
site in the Bmal1 promoter was inserted into a multi cloning site upstream to the luciferase 
gene in pGL4.10 (Promega, Fitchburg, WI, USA) (Figure 8B; Up). In addition, a 3 × XRE::luc 
reporter gene was also constructed as a control (data not shown). Then the transcriptional 
activities of these reporters were quantitated with or without Ahr, Ahrr, and Arnt2 in HEK 293T 
cells. Within two mammalian ARNT homologues (i.e. ARNT and ARNT2), ARNT2 is 
exclusively expressed and regarded as the counterpart of both AhR and AhRR in neurons, 
hence, I used ARNT2 for further experiments. Whereas Ahr, Ahrr, or Arnt2 alone had no effect 
on the two reporters’ expression, cotransfection of Ahr and Arnt2 induced the 3 × XRE::luc 
reporter gene, and Ahrr repressed the induction, as expected (data not shown). Astonishingly, 
coexpression of Ahrr and Arnt2 resulted in 8.5-folds transactivation of the Bmal1::luc gene in 
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spite of the existence of two XREs in the Bmal1 promoter (Figure 8B, Down). On the other 
hand, coexpression of Ahr neither induced nor repressed the Ahrr and Arnt2 dependent 
induction of the Bmal1 (Figure 8B, Down). While the reasons are unknown, the results suggest 
that AhRR-ARNT2, which usually acts as a repressor for XRE, functions as an inducer for 
Bmal1 transcription.  
Cooperation of Ahrr and Arnt2 for the Bmal1 induction was confirmed by the removal of the 
bHLH domain required for its assembly with ARNT2 from AhRR (Figure 9A). Deletion of 
bHLH deprived AhRR of both the association with ARNT2 (Figure 9B) and induction of Bmal1 
(Figure 9C). Therefore, just as the AhRR-ARNT2 heterodimer acts as the repressor of XRE, it 
also cooperatively exerts an exact opposite function in the context of the Bmal1 transcriptional 
regulation. 
The AhRR-ARNT2 dependent, but AhR-ARNT2 independent induction of Bmal1 prompted 
me to examine whether XRE or other sequences in the promoter is necessary for the induction. 
RORα or AhRR-ANRT2 rendered almost similar levels of induction to the Bmal1::luc reporter 
(Figure 10, Left). No impairment in the induction was detected with a reporter eliminating both 
an upstream RORE and two XREs from the Bmal1 promoter (ΔUpstream), indicating that the 
region was not necessary for the induction by RORα or AhRR-ANRT2 (Figure 10, Middle). In 
contrast, neither RORα nor AhRR-ANRT2 activated the transcription of a reporter lacking two 
ROREs adjacent to the Bmal1 transcriptional start site in ΔUpstream, despite that AhRR-
ANRT2 was not known to interact with DNA sequences other than XRE (Figure 10, Right).  
To eliminate the possible interaction between AhRR-ANRT2 and RORE, the RORE binding 
activity of AhRR-ANRT2 was compared with that of RORα or REV-ERBα by an 
electrophoretic mobility shift assay using a DNA fragment harboring RORE as a probe. While 
specific binding was obtained using a nuclear extract including RORα or REV-ERBα, no 
significant retarded band except for non-specific signals was detected using that including both 
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AhRR and ARNT2 under the same binding condition (Figure 11). Taken together, although 
both the RORα and AhRR-ARNT2 dependent Bmal1 induction demanded RORE, unlike the 
former, the latter induction was not the consequence of the direct association of AhRR-ARNT2 
with RORE.  
As deduced from the essential role of RORE in the Bmal1 induction by AhRR-ARNT2, REV-
ERBα also repressed the induction (Figure 12). Meanwhile, 17-folds Bmal1 induction were 
obtained by the coexpression of RORα and AhRR-ARNT2, and the induction was much larger 
than the summation of 3-folds and 6-folds induction by RORα and AhRR-ARNT2, respectively 
(Figure 12). In conjunction with the synergistic Bmal1 induction by RORα and AhRR-ARNT2 
and the results described above, I hypothesize that the AhRR-ARNT2 dependent induction 
should be mediated by the activation of RORs and/or inhibition of REV-ERBs activities. 
 
AhRR-ARNT2 facilitates specific proteasome dependent degradation of REV-ERBs 
The expression levels of RORs and REV-ERBs with or without AhRR-ARNT2 were estimated 
using a western blot analysis. Indeed, coexpression of AhRR-ARNT2 with REV-ERBα or 
REV-ERBβ in HEK293T cells dramatically diminished these two proteins’ expression, without 
the significant effect on the RORα levels (Figure 13A). Of note, as can be seen in Figure 13B, 
the decrease is not due to the transcriptional repression of Rer-erbα or Rev-erbβ by AhRR-
ARNT2, since the synthesis of all these proteins were under the same transcriptional and 
translational controls of the CMV promoter and SV40 late poly(A) signal. Otherwise, AhRR-
ARNT2 destabilized both REV-ERBα and REV-ERBβ, as 5.1- and 2.2- folds reduction in the 
half-lives of REV-ERBα and REV-ERBβ were obtained in the presence of AhRR-ARNT2, 
respectively (Figure 13C). Again, almost no difference in the half-lives of RORα was observed 
with or without AhRR-ARNT2 (Figure 13C). 
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In eukaryotic cells, proteins are digested via the ubiquitin-proteasome dependent or 
independent pathway, and the respective pathways can be discriminated with specific inhibitors. 
No accumulation of REV-ERBα or REV-ERBβ was detected after E-64 (a lysosomal protease 
inhibitor) treatment regardless of the AhRR-ARNT2 expression (Figure 13D). In contrast, 
MG132 (a proteasome inhibitor) prevented the two proteins from degradation (Figure 13D), 
corroborating previous studies that indicated several E3 ligases leaded REV-ERBs into the 
ubiquitin-proteasome pathway (DeBruyne et al., 2015; Yin et al., 2010). As well, AhRR-
ARNT2 dependent degradation of REV-ERBα or REV-ERBβ were also dramatically inhibited 
by MG132. Taken together, while the precise mechanism was uncovered, I concluded that 
AhRR-ARNT2 specifically promoted the ubiquitin-proteasome dependent proteolysis of both 
REV-ERBα and REV-ERBβ, thereby relieving Bmal1 repression by REV-ERBs.  
 
Ahrr is necessary for proper timekeeping of mammalian circadian clock 
Finally, the function of the Ahrr gene in the cellular and behavioral circadian rhythms was 
validated by mutagenizing Ahrr in NIH3T3 cells and wild type mice. Because the bHLH 
domain of AhRR was inevitable for the Bmal1 induction (Figure 9C), the third exon of the 
mouse Ahrr gene encoding the domain was targeted to establish Ahrr deficient cell lines with 
the CRISPR/Cas9 system (Figure 14A; Materials and Methods). Two gRNA sequences (5’-
ACUGAGAACCUATAUGACUA-3’ and 5’-AGGUGAUACAAGUUAGACGU-3’) 
upstream and downstream of the 3rd exon of Ahrr were designed and corresponding DNA 
sequences were inserted into the pSUPERretro vector (Origoengine, Seattle, WA, USA). The 
two vectors and pMXs-Cas9 were respectively transfected into PLAT-E cells (Morita, Kojima, 
& Kitamura, 2000), and the 3 retroviruses were packaged in the cells and recovered from these 
culture media. Simultaneous infection of mouse NIH3T3 cells with these 3 retroviruses using 
hexadimethrine bromide produced 38 colonies originating from dissociated single cells, and all 
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the colonies were genotyped with PCR using a pair of primers upstream and downstream to the 
3rd exon of Ahrr. Eventually, deletion of the exon was confirmed by sequencing of the PCR 
products. Deletion of the 3rd exon by the two gRNAs designed above would succeed in the 
skipping of this exon during the splicing of the Ahrr transcript, thereby containing an altered 
open reading frame predicted to encode 14 amino acid residues and terminate at a stop codon 
appeared by a frame shift mutation (Figure 14A). As expected, of these 38 colonies, I 
established a cell line in which both alleles of Ahrr were eliminated, in addition to two 
heterozygous cell lines which had both the wild-type and mutated Ahrr alleles (Figure 14B). 
Accordingly, the circadian characteristics of the Ahrr-/- mutant cell line were studied further in 
the following experiments. 
A comparison between bioluminescence from the wild-type and Ahrr deficient NIH3T3 cells 
transfected with the Bmal1::luc reporter revealed that the Ahrr-/- mutant cell line displayed an 
altered circadian feature. The period of Bmal1 transcriptional rhythm from the Ahrr-/- cells was 
1.5 hr shorter than from the wild-type cells (Figure 14C). Consistently, the shorter period in 
the Bmal1 transcriptional cycling of the Ahrr-/- cells was reproduced in the free-running rhythm 
of Ahrr knockout mice established by Fujii et al. (Figure 14D). The period of the Ahrr-/- mice 
(23.4 hr) was approximately 0.4 hr shorter than that of wild-type mice (23.8 hr). These 
observations proved that Ahrr is crucial to keep the appropriate periods of both the cellular and 
behavioral circadian clocks. In addition, there must be a possible underlining mechanism that 
coordinate the optimal timing of REV-ERBs’ degradation by AhRR-ARNT2, thereby ensuring 





Interlocked multiple TTFL consisted of the mammalian clock genes are known to regulate their 
circadian expression. Of these clock genes, the robust transcriptional cycling of Bmal1 is 
sustained by the competitive but alternating binding of RORs or REV-ERBs with ROREs in 
the promoter, respectively. Since both of the transcriptional rhythms of Rors and Rev-erbs are 
regulated by CLOCK-BMAL1 and PER-CRY, they cycle in almost the same phase. The 
transcriptional peak of Rev-erbα lags less than 4 hr behind that of Rorα in the mouse SCN 
(Ueda et al., 2005), suggesting that the posttranscriptional regulation to extend the time lag is 
expected to be critical to amplify the Bmal1 transcriptional oscillation in a 24 hr circadian cycle. 
In the present experimental studies, I described that (i) the AhRR-ARNT2 complex, known as 
a transcriptional repressor for XRE, induced RORE mediated Bmal1 transcription, (ii) the 
induction was neither dependent on the activation the RORs, nor the direct interaction of 
AhRR-ARNT2 with XREs in the Bmal1 promoter, but on the specific and proteasomal 
degradation of REV-ERBs promoted by AhRR-ARNT2, and (iii) genetic evidences both at 
cellular and behavioral levels endorsed the specific degradation of REV-ERBs by AhRR-
ARNT2 was essential to maintain proper circadian periods.  
As shown in Figure 8A, the Bmal1 promoter contained two XREs and three ROREs. Both the 
XREs were not sensitive to AhR-ARNT2 dependent transactivation. Nonetheless, AhRR-
ARNT2 induced Bmal1 transcription, and the induction was independent of XREs but 
dependent on ROREs in the Bmal1 promoter (Figure 10). The induction was not caused by the 
transcriptional repression of genes that could regulate Bmal1 transcription, because 
coexpression of AhR and ARNT2 had absolutely no impact on the transcription as described 
above. As deduced from the RORE dependency, the induction was also repressed by REV-
ERBs, and even synergistically activated by RORs (Figure 12). The heterodimerization of 
AhRR and ARNT2 was necessary since AhRR and ARNT2 alone, in addition to an AhRR 
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mutant which lost the association with ARNT2 due to bHLH elimination, failed to induce 
Bmal1 transcription (Figure 9, data not shown). Considering the lack of an association between 
AhRR-ARNT2 and RORE, these results implied that AhRR-ARNT2 induced Bmal1 
transcription through the posttranscriptional activation of RORs and/or inhibition of REV-
ERBs. 
Indeed, AhRR-ARNT2 dramatically shortened the half-lives of REV-ERBα or REV-ERBβ, 
without any detectable effect on that of RORα (Figure 13C). Definitely, the destabilization of 
REV-ERBs was elicited by the specific activation of the ubiquitin proteasome pathway by 
AhRR-ARNT2 (Figure 13D). To date, several reports have presented that both ubiquitination 
and phosphorylation of REV-ERBs can modulate their stabilities. For example, ubiquitination 
of REV-ERBα by E3 ligases such as ARF-BP1, PAM and SIAH2 promoted its degradation 
(Yin et al., 2010; DeBruyne et al., 2015). Furthermore, phosphorylation by GSK-3β or CDK1 
stabilized or destabilized REV-ERBα, respectively (Yin et al., 2006; Zhao et al., 2016). 
Whether the AhRR-ARNT2 dependent degradation of REV-ERBs involves these reactions 
remains still unknown, however, a study arguing that AhR is one of the subunits of E3 ligase 
specific to androgen receptor(AR) and estrogen receptor α(ERα) deserves a consideration 
(Ohtake et al., 2007). Of note, AhR and AhRR are homologous proteins, and AR, ERα and 
REV-ERBs also belong to the same nuclear receptor family. Obviously, they share respective 
similar structural domains. Following AhR activation by dioxin, AhR is assembled into the E3 
ligase complex using its transcriptional activation domain, and the resultant complex can 
recognize the substrates (AR and ERα) and catalyze their ubiquitination (Ohtake et al., 2007). 
Recently, several enzymes, channels, and transcription factors have also been reaffirmed as E3 
ligases or E3 ligase accessary proteins (Li et al., 2008; Medvar et al., 2016). Of these E3 ligases, 
two classes, namely RING and U-Box E3 ligases, do not possess catalytic cysteine residues 
that accept and transfer ubiquitin from E2 conjugating enzymes to substrates. These E3 ligases 
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bring the E2-ubiquitin complex and substrate into close proximity to potentiate the transfer of 
ubiquitin directly from the E2-ubiquitin complex to the substrate. AhR is known to be a 
member of these classes, and both AhRR and ARNT2 also do not include a catalytic domain 
homologous to known E3 ligases. However, even if AhRR-ARNT2 would act as a specific E3 
ligase of REV-ERBs, the ubiquitination should be quite different from AhR, since AhRR has 
neither ligand nor domain required for transcriptional activation as AhR. More importantly, 
unlike AhR, ARNT is indispensable for the specific degradation of REV-ERBs by AhRR-
ARNT2. Future experiments that examine mutual interactions between AhRR, ARNT2, REV-
ERBs, and the E2 conjugating enzymes are necessary to identify the specific E3 ligase activity 
concealed in AhRR-ARNT2. Otherwise, AhRR-ARNT2 could control the upstream of the 
pathway that bring REV-ERBs to proteasomal degradation. For instance, the phosphorylation 
of a degron sequence in the mammalian PER protein by CKI serves as the signal for its 
ubiquitination by β-TrCP E3 ubiquitin ligase, which is followed by proteasomal digestion 
(Shirogane et al., 2005). Investigation of both the interactions between AhRR-ARNT2 and 
protein kinases (e.g. GSK-3β, CDK1, and CKI), and the impacts of specific inhibitors against 
such kinases on the AhRR-ARNT2 dependent degradation of REV-ERBs, are crucial to reveal 
the entire regulation of the REV-ERBs stabilities during a circadian cycle.  
Lastly, I presented genetic evidences which prove Ahrr plays a critical role for the specification 
of the circadian period both at cellular and behavioral levels. Loss of Ahrr both in a cell and 
mouse line gave shorter circadian periods to the Bmal1 transcriptional oscillation and 
locomotor activities than those of wild type, respectively (Figure 14). However, I cannot 
exclude that the compensatory degradation of REV-ERBs other than Ahrr would obscure the 
absence of Ahrr, thereby leading a slight reduction of circadian periods in the Ahrr deficient 
cell and mouse lines. At least the expression dynamics of Ahrr, Arnt and Arnt2 both in central 
and peripheral clock cells should be estimated to identify the redundant degradation of REV-
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ERBs. In addition, increases in REV-ERBs stabilities in cells eliminated with Ahrr will be 
intriguing to elucidate. Even if this is so for the Ahrr-/- cells, then questions arise: why and how 
the increased stabilities of REV-ERBs due to Ahrr elimination prompted the decreases of the 
cellular and behavioral circadian periods? Conceivably, introduction of a mathematical 
modeling method enables me to answer the questions. 
I modelled the circadian expression of Bmal1, Ror, Rev-erb(Rev), Per/Cry, and Ahrr based on 
their interlocked feedback regulation as depicted in Figure 15A. In short, all the genes (even 
Ahrr) except Bmal1 were induced by BMAL1 and repressed by feedback regulation of 
PER/CRY, owing to the presence of E-boxes in their promoters. Furthermore, Bmal1 was 
induced and repressed by ROR and REV, respectively. In other words, the dynamics of 
BMAL1 was modulated by two negative feedback loops consisted of both the direct inhibition 
of the BMAL1 transactivation activity by PER/CRY, and repression of the BMAL1 synthesis 
by REV. Simultaneously, it was also under the control of a positive feedback induction by 
ROR. The REV degradation specified by AhRR discovered in this study implied that the 
negative feedback repression by REV was canceled by an additional interlocked positive 
feedback mediated by AhRR. Then each of the velocities of the transcription and translation of 
these genes was expressed with first-order differential equations, and simulation using these 
equations reproduced the circadian expression of these genes under the conditions with or 
without Ahrr (Figure 15B). Indeed, the circadian periods obtained from a wild type model was 
longer than those from an Ahrr-/-model. The amplitude of the REV oscillation in wild type was 
smaller than that of Ahrr-/- due to the AhRR dependent degradation of REV, resulting in the 
amplification of the BMAL1 cycling (Figure 15B). As expected, the amplification of the 
BMAL1 oscillation depended on the degradation rate of REV by AhRR (Figure 15C). However, 
the reduction of the circadian period in Ahrr-/- was not caused only by both the increased REV 
and decreased BMAL1 amplitudes in the mutant. Otherwise, the degradation rate of REV by 
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AhRR was tightly related to the amplitude of the PER/CRY oscillation, i.e. the PER/CRY 
amplitude also increased with the degradation rate of REV by AhRR (Figure 15D). A larger 
amplitude of BMAL1 in wild type than that in the mutant also amplified the PER/CRY 
oscillation, thereby culminating in the extension of the repression by PER/CRY in the nucleus. 
The long duration of PER/CRY in wild type could delay the initiation of transcriptional 
activation by BMAL1. Consequently, the entire circadian period also increased with the 
degradation rate of REV by AhRR (Figure 15E), substantiating the shorter periods observed in 
the Ahrr-/- lines. These results indicated that the defect of AhRR shortened the circadian period 
through the attenuation of the oscillation of PER/CRY and repression by PER/CRY.  
From another point of view, not only the reduction of the amplitude of PER/CRY, but also a 
phase difference between ROR and REV caused the short circadian period observed in Ahrr-/-. 
A previous study has found that a phase difference between RORs and REV-ERBs strongly 
correlates with the amplitude of the rhythmic expression of Bmal1 (Uriu & Tei, 2017). 
Assuming Ahrr, Ror, and Rev transcription were regulated by E-boxes in their promoters, they 
could oscillate almost in the same phase (Figure 15B). The transcriptional cycling of Ahrr also 
promoted the oscillatory degradation of REV by AhRR, and the contribution for a phase 
difference between ROR and REV is calculated and indicated in Figure 15F. The relative phase 
difference between ROR and REV increased with the degradation rate of REV by AhRR 
(Figure 15F). The reduction of the phase difference between ROR and REV in Ahrr-/- must also 
attenuate the BMAL1, and hence PER/CRY oscillation. Taken together, the AhRR dependent 
degradation of REV-ERBs was necessary to amplify the PER/CRY oscillation to lengthen a 
circadian period. Feedback experiments to estimate the amplitudes of the BMAL1 and 
PER/CRY oscillation, and kinetic relationships between the expression of ROR and REV in 
the SCN with or without Ahrr are essential to reinforce the mathematical predictions.  
 46 
In conclusion, one of the most important findings from this study is that AhRR-ARNT2 
functions to maintain an optimal circadian period thorough activating the specific degradation 
of REV-ERBs. Clarification of the precise molecular pathway that leads to the degradation of 
REV-ERBs by AhRR-ARNT2 should provide further insights into a general mechanism for 












Figure 8. AhRR-ARNT2 induces Bmal1 transcription 
(A) Diagram of the mouse Bmal1 promoter region. Bmal1 promoter contains three RORE and two XRE. 
(B) AhRR-ARNT2, but not AhR-ANRT2 induced Bmal1 transcription. Structure of the mouse 
Bmal1::luc gene is indicated at the top. The reporter activities of Bmal1::luc in the presence of AhR, 































































Figure 9. AhRR-ARNT2 dimerization is necessary for transcriptional activation of 
Bmal1 
(A) Diagram of the mouse AhRR and ΔbHLH mutant AhRR. AhRR contains a basic helix loop helix 
(bHLH), a PAR-ARNT-SIM (PAS), and transcription repression domains (TR). (B) MYC-tagged wild 
type or ΔbHLH mutant of AhRR was transiently expressed with FLAG-ANRT2 in COS7 cells and 
proteins co-immunoprecipitated with FLAG-ARNT2 were analyzed by western blot analysis. (C) 
Simultaneously, the transcriptional activities of Bmal1::luc in the presence of wild type or ΔbHLH 














































































Figure 10. RORE, but not XRE, is responsible for AhRR-ARNT2 dependent induction 
of Bmal1 
Wild type and deletion mutants of the Bmal1::luc reporter are indicated at the top. The reporter activities 














































































Figure 11. AhRR-ARNT2 complex dose not directly associate with RORE 
Each of the nuclear RORα, REV-ERBα, or AhRR-ARNT2 proteins were extracted from COS7 cells 
overexpressing respective genes and incubated with an RORE3 probe derived from Bmal1. RORE 











































































Figure 12. AhRR-ARNT2 and RORα synergistically induce Bmal1 




































Figure 13. AhRR-ARNT2 facilitates specific proteasome dependent degradation of REV-
REBs  
(A) FLAG-RORα, FLAG-REV-ERBα or FLAG-REV-ERBα were transiently coexpressed with or 
without AhRR-ARNT2 in HEK293T cells and analyzed by western blot analysis. (B) Rev-erbα or Rev-
erbβ were transiently coexpressed with or without Ahrr-Arnt2 in HEK293T cells and their transcripts 
were estimated by quantitative RT-PCR. (C) HEK293T cells transiently coexpressing FLAG-RORα, 
FLAG-REV-ERBα or FLAG-REV-ERBβ with or without AhRR-ARNT2 were treated with 0.5 mM 
CHX at 48 hr after transfection, sampled at indicated time points after the treatment, and the stabilities 
were estimated by western blot analysis. (D) NIH3T3 cells transiently coexpressing FLAG-REV-ERBα 
or FLAG-REV-ERBβ with or without AhRR-ARNT2 were treated with 10 µM MG132 or 50 µM E-64 


























"6 G H G H
.





































Figure 14. An Ahrr deficient cell line showed a short period in Bmal1::luc oscillation  
(A) Genomic structure of the mouse Ahrr locus and design of introduction of an Ahrr deletion by a 
CRISPR/ Cas9 method. (B) Genotyping of Ahrr deficient lines derived from mouse NIH 3T3 cells. 
Genomic DNA extracted from candidate cells with Ahrr deficiencies were amplified by PCR and 
analyzed by agarose gel electrophoresis. (C) An Ahrr deficient cell line showed a short period in 
Bmal1::luc transcriptional oscillation. Bioluminescence from wild type or an Ahrr deficient cell line 
transiently expressing Bmal1::luc was continuously measured by photomultiplier tube detector 
assemblies (LM2420; see Materials and Methods). (D) Locomotor activity rhythms of Ahrr knockout 
mice. Locomotor activity rhythms of Ahrr knockout mice in DD were reduced to double plotted 
actogram form and compared with those of wild type siblings. Ahrr knockout mice exhibited 0.4 hr 




























































Figure 15. Decreased amplitude of PER/CRY caused a short circadian period in Ahrr 
deficient cells. 
(A) Feedback regulation of the Bmal1, Ror, Rev, Per/Cry and Ahrr expression. Arrows indicate 
activation and the line with a perpendicular bar indicates repression. (B) Time series of BMAL1, ROR, 
REV, PER/CRY and AhRR expression in wild type and Ahrr deficient cells. (C) Dependence of the 
BMAL1 amplitude on the ratio of degradation rate of REV by AhRR. (D) Dependence of the PER/CRY 
amplitude on the ratio of degradation rate of REV by AhRR. (E) Dependence of period on the ratio of 
degradation rate of REV by AhRR. (F) Dependence of phase difference between ROR and REV on the 
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